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a  b  s  t  r  a  c  t
In  this  article  we  report  on an  ionizing  radiation  detector  based  on a silicon  controlled  switch  (SCS).  An
SCS  connected  to  an RC  load  was  exposed  to ionizing  radiation  resulting  in  the  generation  of  a  large
voltage  pulse  for  each  ionization  event.  Alpha  particles  from an  Am-241  source  were  detected  with  near
100%  efficiency.  Beta  particles  from  a Cs-137  source  were  detected  using  a PIN diode  to increase  the
interaction  volume.  The  results  indicate  the  potential  for SCS  detection  of  ionizing  radiation  without  the
use of the  additional  signal  processing  electronics  employed  in conventional  solid-state  detectors.
©  2014  Elsevier  B.V.  All  rights  reserved.
1. Introduction
Typically, the detection of high-energy particles and ionizing
radiation has been carried out with detectors that contain gases as
the detecting medium [1,2], or with scintillators that convert the
ionization events to light pulses, or semiconductor-based detec-
tor media. Due to the low densities of the detecting medium, gas
detectors tend to have relatively large volumes to capture the radi-
ation, and the resulting gas-based detector systems are bulky and
require high voltages to operate [2,3]. In contrast, solids are about
1000 times denser and thus much smaller volumes are needed for
capturing and detecting the radiation [3]. These shortcomings led
to the development of solid-state radiation detectors [4], in partic-
ular, semiconductor based detectors [5], which play an increasingly
important role due to high sensitivity, superior energy resolution
and high spatial resolution associated with low diffusion rate of
charges in semiconductors [2]. A typical semiconductor sensor con-
figuration employs either PN or PIN structure for the detection
of ionizing radiation [2,6]. A minimum ionizing radiation inter-
action with a typical Si detector thickness (300 !m)  generates
about 80 e–h pairs per micron of interaction path length, which
in turn generates a relatively small current. Therefore, additional
support circuitry, including low-noise/high-gain amplifiers is usu-
ally required to recover the signal [5]. In non-semiconductor based
detectors, such as spark chambers [7], where the detector is biased
to near a trigger point, a large signal pulse can be generated when
ionizing radiation strikes due to their high internal amplification of
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the signal. Thus, if an electronic equivalent of the spark chamber
can be realized, the advantages of the small size and low power
consumption of semiconductor detectors and the high gain and
sensitivity of gas detectors can be combined. In this paper, we
report on an ionizing radiation detector that operates in a man-
ner similar to that of a spark chamber using a silicon controlled
switch (SCS) [8].
2. Detector description
The SCS is a p–n–p–n semiconductor device that can switch
from a high impedance state (forward blocking mode) to a low
impedance (conduction mode) state, depending on the external
bias and charges injected into the middle p–n junction [9,10]. In
conventional CMOS technologies p–n–p–n parasitic structures are
present and the undesired impedance state change due to charge
injection (latchup effect) was  explored as a potential particle detec-
tor, reported in [11]. Their potential detection scheme relies on
additional electronics to control the on/off switching [12]. Here,
we demonstrate particle detection using an extremely simple self-
reset circuit with a commercial SCS that can be directly used as a
particle counter. The SCS usually have four terminals connected to
an anode (the outer p layer), a cathode (the outer n layer), an anode-
gate (the inner n layer) and a cathode-gate (the inner p layer). The
switching voltage (VS) and current (IS) of a SCS can be set to desired
values by connecting an external Zener diode (Z) between cathode
and anode-gate and a feedback resistor (RF) between the cathode
and the cathode-gate as shown in the inset of Fig. 1.
The current voltage (I–V) characteristics of the SCS in Fig. 1 were
obtained using a 2 M! feedback resistor and a 2 V Zener diode.
Under a low positive bias between anode and cathode, the outer
http://dx.doi.org/10.1016/j.sna.2014.05.015
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Fig. 1. Family of measured current–voltage curves for the SCS used in the circuit
shown in Fig. 2, for different values of gate current. The dashed line represents the
load line when R is 12 M! and VDC is 4.3 V. The SCS along with the feedback resistor
and Zener diode used to control switching characteristics are shown in the inset.
p–n junctions are forward biased while the middle p–n junction is
reversed. The device is in the forward blocking mode and the middle
p–n junction holds most of the voltage drop across the device. When
the bias increases, the injected carriers from the outer two  p–n
junctions are collected in the inner n (electrons) and p (holes) lay-
ers. The accumulation of charges reduces the potential drop within
the middle p–n junction, eventually forcing the junction to forward
bias [13]. The same effect is obtained when charges are injected via
the gates with correct polarity. With all junctions forward biased,
the device switches to conduction mode [9]. The transition from
blocking to the conduction mode exhibits a negative resistance. If
the current through the SCS is not sustained at a level above the
holding point (the dV/dI = 0 point in the I–V characteristics after
switching), the device switches off by itself [9,10]. The switching
voltage (the dV/dI = 0 point in the I–V characteristics before switch-
ing) is a sensitive function of the anode-gate (AG) current, which
increases or decreases (depending on the polarity) the charge accu-
mulated in the n layer of the mid  junction. A family of measured I–V
characteristics of a SCS is plotted in Fig. 1 for a set of AG currents.
The lowering of the switching current makes the SCS switch its state
with a small amount of charge injected to the anode-gate effectively
increasing its sensitivity.
For detection of ionizing radiation, an off-the-shelf SCS (Phillips
ECG-239) is connected to a DC bias and a RC load as schemat-
ically shown in Fig. 2. This arrangement has shown to generate
self-terminating pulses whose the rate can be controlled by the
applied bias [13]. In addition, the pulse rate can be controlled by
Fig. 2. Schematic diagram of the circuit used for ionizing radiation detection. The
p–n–p–n block is a pictorial representation of a SCS where e–h pairs are generated
in  the depletion layer of the mid  n–p junction due to ionizing radiation interaction.
The inset shows a micrograph of the SCS Phillips ECG-239 without the package cap.
Fig. 3. Measured output of the detection circuit under dark and under excitation
using alpha particles from an Am 241 source. The inset shows two  pulses with
expanded time scale. If the interval between emissions is greater than the pulse
duration, each pulse represents the detection of a single particle.
sending either a current via the gates or carrier generating radiation
on the reverse biased middle p–n junction of the SCS.
The role of the load resistor in the generation of self-terminating
pulses can be understood using the I–V characteristics of the SCS
along with the load line in Fig. 1. For self-termination of switching
of the SCS, the load line should intersect its I–V characteristic at
a point below the holding current (IH). The selection of the resis-
tor to satisfy this condition will limit the current to levels below
the value needed to stay in the conduction mode. When the SCS
is in the forward blocking mode, the DC bias can be adjusted to
place the load line just below the switching point (VS); this allows,
for example, the triggering of the device using a gate current by
bringing the switching voltage close to the load line as shown in
Fig. 1 when IAG = 10 nA. Since the “on” current is not allowed to
increase beyond the holding point, the device switches off by itself.
The load resistor was selected to be 12 M!,  to ensure that the load
line met  the conditions described above. During the “on” time, the
capacitor charges, placing the voltage across the SCS close to the
holding voltage (∼0.5 V), preventing the switching until the capac-
itor is discharged through the resistor. The value of the capacitor
should be large enough to provide a low impedance (∼1 !)  path
for the transient current to flow during the switching [13]. It was
found that for the SCS used a 4 nF capacitor was sufficient to achieve
self-terminating pulses.
The output voltage (across the RC load) is a pulse with the base
level at the switching voltage of the SCS and a peak near the bias
voltage. The rise time (") was  found to be on the order of a few
hundreds of nanoseconds, depending on the SCS impedance in the
conduction mode and the fall time is dependent on the time con-
stant of the RC load (see the inset of Fig. 3). The sensitivity of the
circuit for generating self-terminating pulses under external stim-
ulus (light, radiation, etc.) can be adjusted in two ways: the first is
by reducing the switching and holding currents; and the second is
by adjusting the bias voltage to place the operation point closer to
the switching voltage.
The bias voltage of 5 V was applied to place the load line above
the holding voltage and below the holding current as shown by the
I–V curve corresponding to IAG = 0 in Fig. 1. Under this condition, the
circuit behaves in a manner similar to that of a relaxation oscillator
with periodic self-terminating pulses whose frequency depends on
the time constant (∼50 ms)  of the RC load [14]. However, the pulse
rate is strongly dependent on the applied bias and the pulsation is
found to cease around 4.3 V. With no pulsation under DC bias, the
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SCS can be triggered using gate current, light or ionizing radiation
to generate pulses with pulse rate that depends on the strength of
the stimulus. If the stimulus duration is shorter than the RC time
constant, the output is a single pulse. For the detection of ionizing
radiation, the sensitivity of the circuit was maximized by adjusting
the bias voltage to place the operation point as close as possible
to the switching point. Due to the high gain within the SCS under
these conditions, the device can switch with thermal generation of
carriers or fluctuation of bias producing “dark pulses”.
3. Experimental results and discussion
In order to avoid shielding of radiation by the metallic package
(primarily important for alpha and beta radiation), the SCS metal
cap was removed, exposing the semiconductor structure, as shown
in the inset of Fig. 2. The area of detection was estimated by using an
optical microscope to be about 0.04 mm2. The effective detection
volume, which is the depleted mid-junction in the forward block
mode, could not be accurately determined due to unavailability of
details of the layer structure and the corresponding dimensions.
Initial measurements were made using alpha particles as the radi-
ation source since their penetration depth in Si is relatively small
and their linear energy transfer (LET) values are high. The circuit
was placed in a dark container to prevent interfering exposure of
light, and biased to the operation point. The output was AC coupled
to an oscilloscope and the circuit response under dark (background)
was recorded for 100 s.
Next, a source of Am-241 electro-deposited on a 100 mm2 flat
substrate exhibiting 299 disintegrations per second (DPS) and an
average alpha energy of 5.49 MeV  was placed about 1 mm above the
exposed area of the SCS. Again, the circuit response was recorded
for 100 s and the results are shown in Fig. 3, where it is easy to
identify 3 pulses due to background and 16 pulses when exposed to
the alpha source. The procedure was repeated many times and the
average detection rate was found to be 12 particles/minute (after
subtracting the background).
A rough estimate of the average number of alphas reaching the
detection area can be carried out by multiplying the ratio of the
detecting/emitting areas by the decay rate, assuming no shielding
effect by the thin air layer between source and detector. This cal-
culation gives approximately 9 particles per minute, which is close
to that of the measurements. For emission rates lower than the
RC time constant, the intrinsic efficiency of the detector for alpha
detection is considered nearly 100% since the penetration range
for the measured alpha particles in silicon [2] is around 22 !m.  The
inset in Fig. 3 shows a close-up of an output pulse. The negative
part is due to the AC coupling of the output to the oscilloscope. The
duration of the pulse represents a dead time primarily due to the
RC time constant of the load. It is possible to design p–n–p–n struc-
tures with much smaller negative resistance (greater Ih–Is), which
significantly reduces the required load resistance and consequently
the capacitor discharge time.
In order to increase the effective sensitive volume to detect
deeper penetrating radiation such as gamma  rays and beta par-
ticles, a silicon p-i-n photodetector (300 !m thick) was  connected
to the cathode gate as shown in inset of Fig. 4. In this configuration,
the charge generated by the p-i-n detector is injected into the mid-
junction of the SCS, emulating an expansion of its volume. The DC
bias across the circuit was reduced to minimize dark pulse gener-
ation and the background was recorded for 100 s. Then, a source of
1 !Ci (Aug 2006) Cs-137, which emits gamma  rays, 662 keV and
beta particles, 512 keV, was placed about 2 mm above the pho-
todetector and the circuit response was recorded 48 times in 100 s
intervals. The measured pulses per minute are plotted in Fig. 4,
along with a Gaussian fit. The average rate of detection is about
Fig. 4. Compilation of the rate of detected emissions per minute (solid squares) of
a  source of Cs-137 (1 !Ci), measured using a silicon p-i-n photodetector connected
to the gate of the SCS as shown in the inset. The solid line is a Gaussian fit with the
average detection rate of 15 per minute.
15 per minute in the photodiode. Even though gamma scatter is
probable to occur even in thin layer of Si, this is most likely due to
the detection of the beta emission from the source. The penetration
range of the beta particles from this source in Si was  estimated to be
around 730 !m while the range for the gamma  rays is around 0.5 m,
about 3 orders of magnitude higher than the beta range [2,15]. The
thickness of the selected p-i-n detector is around 300 !m,  there-
fore the probability of e–h pair generation due to gamma  radiation
is negligible compared with that due to the beta particles.
The generation of relatively large pulses indicates that the SCS
provides high internal amplification of the signal generated by ion-
izing radiation. A noteworthy aspect of this circuit is that the output
voltage is independent of the energy of the detected particle. It is
possible to estimate the amplification factor for each particle by
comparing the charge generated by an ionizing radiation to the
charge deposited on the capacitor from a pulse. For example, the
charge transfer rate of a single 512 keV beta particle in Si can be
estimated around 7 × 10−6 pC/!m,  which gives approximately 2 fC
in a 300 !m thick photodetector used in the measurement [2]. The
charge accumulated in the output capacitor during each pulse is
approximately 8 × 10−9 C; therefore, the estimated amplification
factor for beta particle with 512 keV energy is about 4 × 106. It
is important to remark that SCS used here was a device meant
for power switching applications and is far from being optimized
for radiation detection. We believe that by taking advantage of
the many fabrication processes commercially available, p–n–p–n
devices can be designed [16] to exhibit characteristics such as
switching voltage, holding current, detection volume, etc. that are
optimized to the application demands.
4. Conclusion
In summary, we have demonstrated a new mode of detection
of ionizing radiation using a p–n–p–n silicon device. A commercial
silicon controlled switch with the package cap removed, powered
by a low voltage DC source and connected to an RC load was  used to
detect alpha particles with estimated 100% intrinsic efficiency, for
the emission rates lower than the RC time constant. With the help
of a silicon p-i-n photodetector the effective detection volume was
increased, which allowed the detection of beta particles. The circuit
output, representing a single radioactive event is a pulse with fixed
amplitude and duration dependent on the RC load. Even though
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high-energy particles were successfully detected, the available off-
the-shelf SCSs, which exhibit a very small active volume, are not
optimized for this application. Designing a customized p–n–p–n
semiconductor structures with the desired I–V characteristics and
larger active volume as well as including simple complementary
switching circuitry, sensitivity and speed of operation can be fur-
ther improved to fit the demands of a wide range of radiation
detection applications.
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